INTRODUCTION
Solid organ transplant (SOT) rejection is a major cause of graft failure in transplanted patients. Owing to the increased risk of complications associated with the influenza virus infection, transplant recipients are a high-risk group recommended for influenza vaccination. [1] [2] [3] [4] Following the WHO's declaration of a pan- for perturbed post-event exposure that handles fixed measured and unmeasured confounders while taking into account that the occurrence of rejection might modify the probability of being vaccinated. ▪ Availability or completeness of covariate data for rejection risk factors other than vaccination is limited in the CPRD. ▪ Other limitations include uncertainty on the duration of the risk period and limited generalisability to solid organs other than the kidney.
trademarks of the GSK group of companies) were reported in Europe and Canada, respectively. The majority of these case reports described the presence of risk factors (eg, noncompliance with immunosuppressive regimen, acute infection, cyclosporine nephropathy, prior rejection episodes) that may have caused or contributed to the rejection. [5] [6] [7] Nonetheless, given that transplanted patients will remain a high-risk priority group for immunisation with any future pandemic influenza vaccine, the European Medicines Agency (EMA) requested an evaluation of this safety signal, including the present study. Despite theoretical concerns that vaccination could trigger rejection through induction of antihuman leucocyte antigen (HLA) antibodies, 8 most studies evaluating the effect of seasonal influenza vaccination on the risk of SOT rejection have shown no increased risk of allograft dysfunction or clinical rejection. 1 2 9-14 With regard to the safety of pandemic H1N1 influenza vaccination in transplanted patients, data are more scarce. The majority of published studies are descriptive and simultaneously evaluate immunogenicity and the safety profile of the vaccines in small case series. In most studies, there is no increased risk of allograft dysfunction or clinical rejection. 2 
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However, some studies describe increases in histological cellular rejection or de novo detection of anti-HLA antibodies, with or without clinical rejection or change in graft function. [5] [6] [7] Recent reviews of published studies of both seasonal and pandemic influenza vaccination of transplanted patients conclude that there is clinical evidence that influenza infection is more likely than vaccination to be associated with a risk of allograft dysfunction. Despite some evidence of transiently increased cellular alloreactivity, influenza vaccination ( pandemic and seasonal) is considered to have an acceptable safety profile in transplanted patients. 1 2 23 To the best of our knowledge, there has been no previous pharmacoepidemiology study assessing the risk of SOT rejection following vaccination with a 2009 A/H1N1 pandemic influenza vaccine. This Post-Authorisation Safety Study (PASS) was therefore designed to conduct a formal retrospective investigation of the association between Pandemrix and SOT rejection. The study was conducted in the UK, where Pandemrix was the primary vaccine administered during the 2009 influenza pandemic. 26 
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METHODS
Settings
The study was based on the population registered in the UK Clinical Practice Research Datalink (CPRD), a nationally representative longitudinal coded anonymised medical database containing data from approximately 680 primary care practices, and linked data from hospital inpatient care. [28] [29] [30] Since it was assumed that the large majority of transplanted patients are followed in specialty hospital settings and that a proportion of SOT rejection events might not be recorded in the CPRD primary care data, cases were identified via the linkage between the CPRD and the Hospital Episodes Statistics (HES) inpatient database, which contains patient details and discharge diagnoses for all admissions to National Health Service (NHS) hospitals in England (approximately 60% of the CPRD population are eligible for HES linkage). 31 32 The 2012-Q3 release of the CPRD was used.
Vaccine exposure
The exposure of interest was vaccination with Pandemrix, GSK Vaccines' antigen-sparing A(H1N1)pmd09 splitvirion inactivated vaccine adjuvanted with an Adjuvant System containing α-Tocopherol and squalene in an oil-in-water emulsion (AS03). According to data from the UK Department of Health based on the ImmForm national survey, Pandemrix was used widely and in the majority of targeted groups, with >99% of immunised individuals having received this vaccine. 33 34 Vaccination with a seasonal trivalent influenza vaccine (TIV), a potential confounder in the association between Pandemrix and SOT rejection, was also assessed. The occurrence and timing of pandemic and seasonal TIV vaccinations were retrieved from the CPRD.
Study population
Eligible participants were SOT recipients with at least one rejection of a transplanted heart, lung, kidney, liver or pancreas recorded in the HES inpatient database between 1 October 2009 and 31 October 2010, and considered acceptable for research in the CPRD (ie, with no break in their records, and with information available on year of birth, registration date and gender). 
Study design
We used the self-controlled case series (SCCS) method, which relies on the within-person comparison of occurrence of outcomes of interest during risk and control periods, 35 36 thereby inherently controlling for fixed measured and unmeasured confounding factors, including confounding by indication. The choice of the risk periods was based on the latency period observed in spontaneous case reports; on the hypothesised risk period following known exposures such as infections; and on experience from post-vaccination risk windows for adverse events following immunisation. The primary objective was to assess the risk of rejection within 30 days after vaccination with Pandemrix. In the absence of strong supportive evidence for the duration of the risk period, a 60-day period was also considered in sensitivity Case-finding algorithms in the HES and the CPRD were developed to identify events (transplantations and rejections) and covariates of interest such as risk factors for SOT rejection. Transplantations were detected in the HES and the CPRD: each transplantation record in the HES (OPCS procedure code) was considered a distinct event; any transplantation code recorded in the CPRD for the same participant within 14 days before or after the HES event was considered the same transplantation event; and a CPRD code constituted a distinct transplantation event if it was separated by more than 14 days from any other transplantation record in the HES or the CPRD. Records of SOT rejections were identified in the HES only, through ICD10 diagnosis codes and OPCS procedure codes: records were considered as different events if they were separated by more than 30 days or in case of a new transplantation record between rejection events. Vaccinations with Pandemrix or with a TIV were identified in the CPRD by means of READ, immunisation and Product codes. Covariates of interest were detected in the CPRD by means of READ codes.
Statistical analyses
We applied the SCCS method for censored, perturbed or curtailed post-event exposure, 37 which relies on the assumption that the occurrence of an event-here, SOT rejection-might modify a subsequent exposure-here, the probability of being vaccinated. Under such a scenario, only the first rejection was considered for each participant, that is, individual observation periods were censored at any subsequent rejection event.
Estimates of the relative incidence (RI) of SOT rejection were derived within 30 and 60 days following vaccination, as compared with the control period. A preliminary feasibility assessment in the CPRD revealed that the risk of SOT rejection consistently decreased with increasing time since transplantation (data not shown). Therefore, time since transplantation was included in all models by categorising the baseline risk after transplantation into four periods: 0-30, 31-90, 91-180 and >180 days. Participants not exposed to Pandemrix during the observation period were included in the analyses to better control for time since transplantation and other risk factor covariates.
Using the modified SCCS method, the RI was estimated using unbiased estimating equations. 37 A Statistical Analysis Software (SAS) program was developed to derive the sandwich variance estimator from the estimating equations in settings with multiple exposures and covariates, given that the 95% CI could not be computed using the nonparametric bootstrapping, 37 as (1) the rate of convergence among bootstrap samples was low for some analyses and (2) part of the bootstrap samples did not include covariates for which all participants were in the same category. A sandwich variance estimator was used to obtain the Wald CI of the RI. RI estimates were further adjusted in models including covariates, provided covariate information was available. Assumptions were made to define the risk period for each covariate: 30 days for vaccination with a TIV, and for respiratory, opportunistic and acute bacterial infections; and 365 days for chronic infections and malignancies.
The standard SCCS method 38 was used as a sensitivity analysis. An exploratory analysis restricted to participants with no previous rejection during the 180 days prior to the study period was also performed to evaluate the effect of a previous rejection on the risk of a subsequent rejection. Analyses were also performed by a transplanted organ, if a minimum of 10 rejection events were observed for a given organ. Analyses were performed using SAS V.9.2 (SAS Institute, Cary, North Carolina, USA). 
RESULTS
Description of the study population Between 1 October 2009 and 31 October 2010, a total of 245 SOT rejection events were reported in HES; from these, 184 unique participants with follow-up including 1 October 2009 were identified, and of these, 79 had been exposed to Pandemrix. The study data set included 71 exposed and 20 unexposed patients (figure 2). The latter had a time period since transplantation lower than 180 days, and were included in the models to better account for time since transplantation, as described in the Methods section.
Since the SCCS method measures risk in exposed cases only, it is important to assess the differences between exposed and unexposed participants, that is, would the observed effect be similar in the unexposed group if the participants had been exposed? Table 1 shows the distribution of the main characteristics of the 79 exposed and 105 unexposed participants. Overall, the mean age was 50.2 years, 45.7% participants were female, and 5.4% died from any cause during the follow-up. Twenty-three participants had at least one rejection between 4 April 2009 and 1 October 2010. A record of transplantation during this period was available for 36/184 patients (19.6%), and kidney was the most frequently transplanted organ. Although this patient population is at high risk of infectious diseases, only a small proportion had records of infections. The two groups did not differ with regard to covariates of interest. Figure 3 shows the distribution of rejection events and vaccinations throughout the study period: the distribution of rejections appeared to remain stable over time. The majority of vaccine doses were administered between October 2009 and January 2010, consistent with the timing of the UK mass immunisation campaign. 27 Risk estimates RI estimates for SOT rejection associated with Pandemrix, adjusted for time since transplantation, were 1.05 (95% CI 0.52 to 2.14) and 0.80 (95% CI 0.42 to 1.50) within 30 and 60 days after vaccination, respectively (figure 4). When covariates with available information (vaccination with a TIV, opportunistic infections and malignancies/ cancers) were included in the model, the RI within 30 and 60 days after Pandemrix vaccination was 1.29 (95% CI 0.63 to 2.63) and 0.91 (95% CI 0.49 to 1.70), respectively.
In sensitivity analyses, we used the standard SCCS method that does not account for perturbed post-event exposure and thus included participants with SOT rejections subsequent to the rejection event captured in the main analysis. A total of 72 exposed patients were included (only one additional participant was exposed after a subsequent SOT rejection event), of whom 11 had experienced a rejection in the 30-day risk period, and 18 in the 60-day risk period among 73 exposed patients. The RI adjusted for time since transplantation was 1.11 (95% CI 0.59 to 2.09) within 30 days after vaccination. When analyses were restricted to the 82 patients without previous SOT rejections, including 62 exposed patients, the RI within 30 days after Pandemrix vaccination was 1.02 (95% CI 0.48 to 2.13). The risk of rejection by organ could be assessed only for the kidney in 97 participants, including 53 exposed. The RI adjusted for time since transplantation was 0.85 (95% CI 0.38 to 1.90) and 0.68 (95% CI 0.33 to 1.40) within 30 and 60 days after vaccination, respectively. The RI within 30 days after vaccination was 1.00 (95% CI 0.44 to 2.25) in the model adjusted for TIV administration and malignancies/cancers (information for other covariates was not available).
DISCUSSION
Principal findings
To the best of our knowledge, this is the first study to formally assess the association between an H1N1 pandemic influenza vaccine and SOT rejection. It was designed to investigate a safety signal that emerged from routine pharmacovigilance and from published case series of SOT rejection after the 2009 H1N1 influenza pandemic mass vaccination campaign. Given the urgency for a rapid evaluation of the safety signal and the absence of vaccination after the end of the 2009/ 2010 pandemic season, a formal retrospective pharmacoepidemiology study in the CPRD database was the timeliest option to capture data from a large population while reflecting standard practice with respect to the management of transplanted patients.
The primary risk estimate is an RI of 1.05 (95% CI 0.52 to 2.14) within 30 days after administration of Pandemrix. There is a consistent inference across sensitivity analyses, with point estimates around 1.0 and no upper 95% confidence limits higher than 2.3. None of the analyses show a statistically significant increased risk of SOT rejection following vaccination with Pandemrix.
Strengths and weaknesses of our study Given the acuity, severity and clinical complexity of SOT rejection, transplanted patients are largely managed in specialty hospital settings. The HES inpatient database contains information for all NHS hospitals in England, which maximised the likelihood of capturing cases of SOT rejection. Diagnosis data are based on standardised coding practices, ensuring consistent information across the study population. The high proportion of participants in the study population with an HES link to the CPRD (93%) confirmed the adequacy of using the HES as a primary reference data source for case finding. The CPRD, which was used to capture vaccine exposure and covariate data, has been extensively used in pharmacoepidemiology studies. 28 The SCCS was primarily designed to study the association between acute events and transient exposures, and is well suited for the study of adverse reactions to vaccination. 36 40-45 It handles fixed measured and unmeasured confounding, implicitly controlling for confounders such as socioeconomic status, access to healthcare, healthcare-seeking behaviour, confounding by indication, frailty, underlying chronic conditions and, in this study, type of transplanted organ and compliance with an immunosuppressive regimen. In the conventional SCCS, the propensity to be exposed is assumed to be independent of previous events (disease occurrence), whereas the modified SCCS requires to have only one event per participant and to censor each participant at the second event. Completeness and precision of exposure data for pandemic vaccination in the CPRD, and reliability of outcome data in the HES inpatient database (since based on clinical procedure codes) are crucial requirements for the SCCS design. To the best of our knowledge, relatively few vaccine safety studies report the use of the modified SCCS; 40 46 47 we therefore conducted a sensitivity analysis using the standard SCCS, which yielded consistent risk estimates.
On the basis of the assumption that time since transplantation is a risk factor for SOT rejection, the a priori decision was made to adjust all SCCS models for this variable. Interestingly, the majority of exposed participants (63/71 (89%)) had been transplanted >180 days prior to the beginning of the study period, suggesting that time since transplantation is not a confounding factor in the present analysis, and limiting the opportunity to assess the potential confounding effect of time since transplantation. Nonetheless, as expected, all models showed consistent decreases in the risk of rejection with increasing time since transplantation (data not shown). With regard to potential confounding by TIV vaccination, adjusted analyses showed no differences from the primary risk estimates. Since most participants did not receive Pandemrix and a TIV on the same day, and there was limited overlap between risk periods for the two vaccines for most participants, these analyses allowed an independent estimation of the risk associated with Pandemrix and the adjustment for the potential confounding effect of TIV vaccination. Finally, the consistent range of risk estimates and CIs, all including 1.0 with upper 95% confidence limits around 2.0, suggests that the study was sufficiently powered to detect an association between Pandemrix and SOT rejection.
As with any retrospective observational study in a large healthcare database, this analysis has several limitations. First, SOT rejection is a complex clinical entity for which the likelihood of occurrence is affected by multiple risk factors such as viral (including H1N1 influenza virus) and bacterial infections, underlying medical conditions, medical history of the transplant recipient, and compliance with immunosuppressive treatment. These factors were not captured in these settings or had limited record completion in the CPRD. Thus, confounding by these unmeasured factors could not be fully evaluated; however, it is unlikely to have introduced systematic error into the analyses, and the SCCS design might have partially mitigated against some of these potential confounders, given their fixed nature. Another potential confounding factor is history of a previous rejection; the large majority of patients (82/91 (90.1%)) had no rejection in the 6 months prior to the study period. The risk of rejection might also depend on the number of vaccine doses received; the number of patients having received two doses of Pandemrix was low (N=17) and limited the possibility of reliably assessing the effect of the second dose. Some studies indicate that risk factors for SOT rejection and the magnitude of the risk might vary by organ type 48 ; however, given the small number of cases, the risk of rejection by organ could only be assessed for the kidney. Nonetheless, these estimates are informative, given that the kidney is the most commonly transplanted organ. 49 Finally, the optimal duration of the risk period for SOT rejection following immunisation, if any, is unknown, and it is difficult to know whether a potential increased risk returns to baseline in the post-exposure control period as rejection-specific antibodies of unclear clinical significance might persist for a longer period of time. However, no significantly increased risk is observed using a 30-day or 60-day risk period.
Although standards of care of transplanted patients might vary across the country, documentation/coding guidelines in HES are standardised, thus limiting the variability in information at patient level. Given that study subjects are from databases representative of the general population, 28 30 32 results from this study may be extrapolated to the overall population of SOT recipients in England.
Strengths and weaknesses in relation to other studies
To the best of our knowledge, this SCCS analysis is the first pharmacoepidemiology study formally assessing the risk of SOT rejection following vaccination with an adjuvanted H1N1 2009 pandemic influenza vaccine. The results do not suggest an increased risk of rejection following administration of Pandemrix, and are in line with most descriptive clinical case series that have shown no increased risk of allograft dysfunction or clinical rejection in SOT recipients following H1N1 pandemic influenza vaccination. 2 
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Meaning of the study Influenza A/H1N1 2009 infection caused substantial morbidity and mortality in SOT recipients worldwide. 2 51-55 In the largest study, involving 237 cases of medically attended H1N1 influenza infections from 26 transplant centres in the USA, infections resulted in hospitalisation in 71%, admission to an intensive care unit in 16%, and death in 4% of cases. 54 Allograft dysfunction and clinical rejection were also reported in SOT recipients following pandemic influenza A/H1N1 infection. 2 51-53 56 57 Pandemic influenza vaccination is therefore an important preventive measure in this medically vulnerable population at high risk of complications, and is considered clinically safe and well tolerated despite relatively modest efficacy. 2 58 59 In addition to investigating a safety signal, this study addresses the need for a formal pharmacoepidemiological analysis of the risk of SOT rejection in a large population of transplanted patients.
CONCLUSIONS
The results of this study are robust across a variety of sensitivity analyses and do not suggest an increased risk of SOT rejection following vaccination with Pandemrix.
This report also intends to bring some insight into the debate on the safety of influenza vaccination in transplant recipients, and to inform the benefit-risk evaluation of AS03-adjuvanted pandemic influenza vaccines in this patient population that is likely to remain a highrisk priority group for immunisation with future pandemic influenza vaccines.
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